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0 Microwave thernrographic apparatus. 



® Microwave thermography apparatus comprises a 
signalreceiving aerial (2) which is sensitive to micro- 
wave radiation emanating from a body having a 
mean body temperature. A reference load (1) ca- 
pable of being maintained at a chosen temperature 
(To) and of emitting a thermal noise signal at micro- 
wave frequency corresponding to temperature To, is 
connected to a receiver (3) the input impedance of 
which is matched to the impedance of reference 
load (1) by way of a 3-port non-reciprocal circulator 
(5). Aerial (2) is connected via a single-throw on/off 
^microwave switch (6) to ttie Input of receiver (3) 
^through tiie other port of circulator (5). The connec- 
- tions to circulator (5). taken in circulation order, are 
preference load (1), aerial (2), receiver (3). Aerial (2) is 
00 preferentially designed to incorporate a tubular me- 
^tallic waveguide (10) of circular cross-section dimen- 
g^sioned to support TEn wave mode and the lower 
N order mode, the signal output from Uie aerial (2) 
Q being taken by a coaxial line and tiie aerial (2) 
incorporating a broad band waveguide coaxial line 
^mode transformer (11,12) which is arranged to select 
only tiie TEj \ mode for delivery to the coaxial line. 
The waveguide (10) is filled witii a low-loss dielecti'ic 



material (13) in order to provide tiie aerial (2) with an 
impedance close to the mean body tissue imped- 
ance (about 80 ohms). 
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MICROWAVE THERMOGRAPHIC APPARATUS 



This invention relates to apparatus for use in 
microwave thermography. 

Microwave thermography is a known technique 
for use in diagnosis of bio^edicat maladies, which 
functions by detecting a temperature variation in an 
affected subcutaneous part of the body with re- 
spect to the normal body temperature. 

Infra-red thermography, which is also known, is 
only effective in determining body surface tem* 
peratures but waves of longer wavelength than 
infra-red have the power to penetrate substantial 
thicknesses of body tissue and it is those waves, 
referred to simply as microwaves, which are emit- 
ted by a deep lying part of a body and reach the 
surface with sufficient power to the detected. Ap- 
paratus used for microwave thermography is thus a 
form of radio receiver sensitive to waves in the 
range of frequencies capable of penetrating appre- 
ciable thickness, for example several cm, of body 
tissue. This frequency range is roughly 1-10 GHz. 
The actual waves produce a "noise signar the 
intensity of which is observed and interpreted to 
give an indication of the temperature of the object 
from which the wave originated. 

A known form of microwave thermography ap- 
paratus incorporates a form of comparator receiver 
known as the Dicke type comprising a reference 
load which is maintained at a controlled and mea- 
sured temperature (in practice a temperature close 
to normal body temperature) generating a refer- 
ence noise signal corresponding with the controlled 
temperature, a switching device which feeds the 
reference noise signal alternately with the noise 
signal emanating from a sensing aerial placed in 
proximity to the object the temperature of which is 
to be investigated to a receiver which combines the 
signals to produce an output signal of the form G- 
(Ts - To) where G represents the receiver gain, Tq 
represents the signal generated by the reference 
load and Ts represents the signal from the aerial. 
The receiver output signal is then added to a signal 
directly derived from Tq in order to provide a 
measure of Ts alone. 

Since for the frequencies of interest the gain G 
cannot be highly stabilized in the known apparatus 
whereas Tq can be accurately measured, Tq is 
normally chosen and set to be as close as possible 
to the temperature Ts so that measurement error 
coming from the unstabllized gain factor of the 
receiver is made as small as possible. 

Any loss of signal in circuits or components at 
or preceding the input to the receiver degrades the 
noise figure (or equivalent effective noise tempera- 
ture) of the receiver. These equivalent parameters 
(noise figure and effective noise temperature) are a 



most important measure of the performance of the 
receiver for this application. Degradation of this 
parameter causes a proportionate degradation of 
the source temperature measuring resolution of the 

5 apparatus and/or an increase In the measurement 
time required to achieve a given source tempera- 
ture measuring resolution. It is therefore important 
to minimize circuit or component signal losses In 
the essential circuits and components preceding or 

70 at the input of the receiver viz. the aerial, the 
switch and associated conductors. For the known 
Dicke receiver the signal switch and Its associated 
signal circuits are significant sources of signal loss. 
In practical terms the known Dicke receiver 

75 configuration described previously suffers from 
three disadvantages: 

1) It requires a two-throw switch. Two-throw 
electro-mechanical switches capable of operating 
at microwave signal frequencies and having signal 

20 path losses acceptably low for the application con- 
sidered here can be constructed but tiie rate of 
switching is severely limited since contact bounce 
can cause problems and such a switch has a 
limited operating life at the high switching fre- 

25 quency required to avoid or reduce receiver am- 
plifier and detector flicker noise. Solid-state micro- 
wave switches, which normally use semi-conductor 
diodes for the switched elements, can have a very 
high switching rate and a very long operating life 

30 but a two-throw form of solid state switch has 
signal losses which are high for the application 
considered here. 

2) When the switch connects the receiver to 
the aerial, a thermal noise signal travels from the 

35 receiver to the aerial arising from the effective 
• noise temperature of the receiver. At the known 
forrns of aerial there exists a significant signal 
reflection coefficient for the aerial/source interface 
which reflects back into the receiver a portion of 

40 the receiver noise signal and thus causes tiie mea- 
surement of source temperature to be in error by 
an amount proportional to this reflected signal. 

3) The existence of a significant reflection 
coefficient as described in 2) above, which is 

45 equivalent to an impedance mis-match, causes the 
gain of the receiver to change from the gain ob- 
tained when the input of tiie receiver is connected 
by the switch to tiie matched impedance reference 
load. The change of gain, occunring. as it does at 

50 the switching frequency, causes a spurious output 
signal from the receiver and hence an error in the 
measurement of the source temperature. 

Since tiie observable difference in temperature 
between normal and diseased tissue can be and 
often is less than. 1. Celsius degree the need for 
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high accuracy in th& temperature resolution of the 
apparatus will be understood. 

According to the present invention there is 
provided apparatus for use in microwave thermog* 
raphy, said apparatus comprising a signal-receiving 
aerial sensitive to microwave radiation emanating 
from a body having a mean body temperature, a 
reference load capable of being maintained at a 
chosen temperature substantially equal to saict 
mean body temperature and of emitting a thermal 
noise signal at microwave^ frequency corresponding 
to that temperature, a. receiver having an input 
impedance matched to the impedance of said ref- 
erence load and incorporating means for compar- 
ing the themnal noise signals emanating from said 
aerial and from said reference load, and a three- 
port non-reciprocal circulator interconnecting said 
aerial, reference load and receiver, said circulator 
having respective ports taken in circulation order 
connected to the noise-signal output of said refer- 
ence load, to the aeriaJ via a single throw on-off 
microwave switch, and to the receiver input 

Further according to the present invention 
there is provided apparatus for use in microwave 
thermography, said apparatus comprising a signal- 
receiving aerial sensitive to microwave radiation 
emanating from a body having a mean body tem- 
perature, said aerial comprising a tubular metallic 
waveguide of circular cross-section dimensioned to 
support up to and including the TEi i wave mode, a 
broad-band-wavegulde to coaxlai-line mode trans- 
former arranged to select the TEi t mode for deliv- 
ery into a coaxial line connected to the signal 
output of the aerial, and a filling of low-loss dielec- 
tric material within the waveguide such that the 
aerial has an impedance close to the mean body 
tissue impedance. 

The present invention wli! now be exemplified 
with reference to the accompanying drawings and 
description, wherein in the drawings: 

Rg. 1 diagramaticaliy illustrates a known 
form of apparatus for use in microwave thermog- 
raphy; 

Fig. 2 diagramaticaliy illustrates a form of 
apparatus for use in microwave thermography in 
accordance with the present invention; 

Rg. 3 is a diagram illustrating the effects of 
signal reflection at the body surface/aerial interface 
for the Rg. 1 apparatus: 

Rg. 4 illustrates the signal paths taken in the 
apparatus of Rg. 2 firstly with the switch in its open 
position and secondly with the switch In its closed 
position; 

Fig. 5 is a block diagram of a complete 
microwave thermography system incorporating the 
Rg. 2 apparatus; 

Rgs. 6. 7 and 8 are sectional views through 
different forms of aerial; 



Rg. 9 is a sectional end view of the Rg. 6 
aerial; and 

Rg. 10 illustrates a further form of aerial. 
In the drawings 1 denotes a reference resistive 

5 load thermally controlled to operate at a selected 
reference temperature Tq and which provides a 
corresponding microwave frequency noise signal 
output; 2 denotes an aerial the purpose of which is 
to receive microwave radiation from the body under 

w investigation, said radiation emanating from a 
source of temperature Ts; and 3 denotes a receiver 
arranged to amplify signals applied to it and in- 
dicate in intelligible form the chosen characteristics 
of the signals so received. In the known apparatus 

75 illustrated in Rg. 1, 4 denotes a two-way switch 
arranged to oscillate between its two positions in 
one of which the load 1 is connected to the re- 
ceiver 3 and in the other of which the aerial 2 is put 
into connection with the receiver 3. 

20 In operation of the know device of Fig. 1 the 
aerial 2 is placed in contact with a body and the 
switch 4 caused alternately to connect the aerial 2 
and the reference load 1 to the receiver 3. When 
the aerial 2 is connected to the receiver the signal 

25 Is from the aerial 2 is passed to the amplifier then 
when the switch breaks the connection to the aerial 
it connects the reference load to the receiver and 
the reference signal To is fed to the receiver so 
that the receiver issues an amplified difference 

30 signal at the switching frequency the level of am- 
plification depending upon G. the gain of the re- 
ceiver. 

In Rg. 3 the line 8 represents the body 
surface/aerial interface at which an impedence mis- 

35 match reflection coefficient p occurs. The source 
temperature viewed by the aerial is Ts and the 
receiver 3 has an input effective noise temperature 
of Tr. When switch 4 connects the aerial to the 
receiver the noise signal originating from the re- 

40 ceiver input follows the path 7 to interface 8 there 
to be partly reflected along path 7B as a signal of 
magnitude p Tr. The partly transmitted receiver- 
noise signal which follows the path 7A into the 
body is assumed to be absorbed and has no 

45 further effect. The signal from source Ts initially 
follows the path 9, and is partly reflected from the 
interface 8 along the path SB with subsequent 
absorption in the body, and partly transmitted 
along the path SA into the receiver with magnitude 

50 of signal (l-p)Ts. The resultant receiver signal is 
then Ts + p{Tr - Ts) and measurement error of 
source temperature Ts resulting from the im- 
pedence mismatch reflective coefficient can only 
be zero when Tq is equal to Ts which is not a 

55 practical possibility since Tr is not readily control- 
lable. However this measurement error can be 
minimised by minimising reflection coefficient p 
and for this purpose it is necessary to design aerial 
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2 to have an I'mpedancaF which is as close as 
possible to the mean body^tissua impedance as 
will be explained. Of course, when switch 4 con- 
nects the reference load 1 to the receiver 3, be- 
cause the load impedance is matched there is an 
absence of reflection of the receiver input noise 
signal and the signal delivered to the receiver is 
simply Tq. 

As has been explained previously the known 
Dicke-type receiver (see Fig. 1) suffers from the 
three particular disadvantages of (1) limited switch- 
ing frequency and short operating life or relatively 
high signal loss, (2) receiver effective input tem- 
perature reflected error signals, and (3) error signal 
production by modulation of the receiver gain at 
the switching frequency resulting from aerial im- 
pedance mis-match. The an'angement of the com- 
ponents at the input of the receiver as shown in 
Rg. 2 is intended largely to overcome the above 
stated disadvantages. 

In Rg. 2. 5 denotes a 3-port microwave cir- 
culator of the non-reciprocal type, for example a 
ferrite circulator, the ports t}eing connected in order 
firstly to the output of the reference load 1. sec- 
ondly to the aerial 2 by way of a single-throw on-off 
microwave switch 6, and thirdly to the receiver 3. 
The circulator 5 and the single-throw switch 6 are 
the essential component parts which provide the 
advantages of DIcke comparator receiver type op- 
eration while largely overcoming the above stated 
disadvantages. In Rg. 2 the reference load is al- 
ways connected into the circulator 5 and the re- 
ceiver 3. and the switch 6 has the function only of 
connecting and disconnecting the aerial 2 to and 
from the circulator 5. Rg. 4 shows the paths taken 
by the signals from the reference load, from the 
receiver input, and from the aerial The signal paths 
through the non-reciprocal circulator itself are (with 
reference to Rg. 4> A to B. B to C, and C to A. The 
practical construction of such a circulator is such 
that the signal loss along these paths Is acceptably 
small for the application considered here and the 
isolation provided between the ports A, 8 and C in 
the reverse direction is such that signal transmis- 
sion in such reverse direction can be neglected. 

The single-throw switch 6 used in the arrange- 
ment of Rg. 2 has. in the practical form of a solid- 
state diode (not transistor) switch, a significantly 
lower signal loss than the two-throw switch of the 
known arrangement of Rg. 1 which as previously 
explained is of great importance. Where the switch 
6 is in the open position it presents an open circuit 
or very large impedance mis-match to signals trav- 
elling towards it from either the aerial 2 or the 
circulator 5 and these signals will thus experience 
complete or nearly complete reflection at the 
switch. 

With the switch 5 in the open position the 



signal path is, with reference to Rg. 4, from the 
reference load 1 at temperature To through the 
circulator 5 from A to B, from the port B of the 
circulator 5 to the opencircuit of the switch 6 where 

5 it is reflected back to the port B of the circulator 5, 
through the circulator 5 from B to C and hence into 
the receiver 3. The noise signal resulting from the 
input effective noise temperature (Tr) passes 
through the circulator 5 from C to A to the refer- 

10 ence load 1 which Is impedance matched so that 
there is an absence of any reflected signal. The 
source signal (Ts) is totally reflected at switch 6 
and therefore does not enter circulator 5. The out- 
put signal from the receiver will for this case be 

75 QTo where Q is the gain of the receiver amplifica- 
tion stage. 

With the switch 6 in the closed position the 
receiver input effective noise temperature signal 
traverses circulator 5 from port C to port A but 

20 gives rise to no reflection because reference load 1 
Is Impedance matched. However the signal from 
reference load 1 at temperature To now passes 
through the circulator 5 from A to B and through 
the switch 6 to the aerial 2 where It is partly 

25 reflected at interface 8 in a manner similar to that 
explained with reference to Rg. 3 and therefore 
combines with the part transmitted signal emanat- 
ing from the source at temperature Ts to be deliv- 
ered from aerial 2 through the switch 6, Into the 

30 circulator 5 from B to C and hence to the receiver 
3. If the reference load temperature To is set at or 
dose to the source temperature Ts, which is a 
practical possibility, the measurement enror result- 
ing from aerial Impedance mis-match reflection is 

35 eliminated or minimized. The output signal from the 
amplifier will be GTs for this case. 

The receiver output arising from the repeated 
switching of switch 6 is then the difference be- 
tween the two cases described above, that is G(Ts 

40 - To), and it will be seen that because the tempera- 
ture of the reference toad is chosen to be at or 
close to the source temperature Ts there is a 
minimum dependency upon gain (3. Furthermore 
by virtue of using circulator 5 and matched load 1 

45 the second of the disadvantages previously de- 
scribed of the known Dicke comparator receiver 
configuration is avoided. A still further improvement 
in measurement efficiency can be achieved by 
design of aerial 2 in the manner which has been 

50 explained whereby the reflection coefficient p is 
minimized. 

By way of example Fig. 5 illustrates the Rg. 2 
arrangement forming part of a complete microwave 
thermography apparatus from which it will be ob- 
55 served that receiver 3 is of the known super- 
heterodyne type incorporating local oscillator 3A 
set at 3.1 GHz. mixer 3B operating in the band 2.6 
3.6 GHz, intermediate frequency 
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amplifier/detector 3C operating over the 5 - 500 
MHz band, low frequency amplifier 3D operating at 
about 1 KHz and coherent detector 3E which is 
switched in common with switch 6 by means of a 1 
KHz modulator 30. The output from receiver 3 Is 
delivered to a processor 31 together with a signal 
directly obtained from reference load 1 in order for 
the processor 31 to output a signal proportional 
only to Ts. 

Turning now to the preferred design of aerial 2 
it will be appreciated that the electromagnetic wave 
impedance of body tissues is normally between 60 
and 150 ohms and the impedance of normal still air 
is in the region of 377 ohms. If the microwave 
transmission had to pass through air there would 
be a large signal loss by reflection at the interface 
between the body surface and the air (in addition 
to attenuation losses). For this reason the aerial is 
designed to present an impedance similar to the 
body tissue impedance and, in use, is pressed 
against the surface of tiie body so that the air 
interface is removed. The aerials to be described 
are of circular cross-section dimensioned to propa- 
gate fields of TEii mode and less because the 
TEn mode provides the lowest reflection coeffi- 
cient at the signal-receiving end of the aerial and 
the best source positional resolution within the near 
field. The impedance of the aerial is dependent 
upon its dimensions and upon a filling of low-loss 
dielectric material so tiiat selection of tiie dielectric 
material enables tiie wave impedance of the aerial 
to be near the mean impedance of the body tis- 
sues. The aerials additionally are capable of op- 
erating over a wide bandwidth, of the order of 
several hundred megahertz, and have low loss. 

In Rgs. 6, 7 and 8 the aerial 2 is formed by a 
metallic circular cross-section waveguide tube 10 
filled with low-loss dielectric material 13 held in 
place by a seal 14 formed by a disc of epoxy resin 
inserted into the moutii or signal-receiving end of 
the tube 10. At the signal-output end the tube 10 
has a metallic closure penetrated by connections 
15,16 of a standard coaxial cable connector. Be- 
cause tube 10 is arranged to support TEn mode 
and tiie lower mode (TMot) the aerial also includes 
a mode tiransformer whereby only the TE? \ mode 
signal is delivered into tiie coaxial cable connector. 
In the Rgs. 6 and 7 embodiments this mode trans- 
former is in the form of two radial fins 11, 12 within 
tube 10 disposed in line opposite one another but 
separated as shown in end view in Rg. 9. In Rg. 6 
tiie fins are peripherally contoured to the shape of 
an exponential curve so tiiat the gap between the 
fins varies exponentially from a maximum at the 
signal-receiving end of the aerial to a minimum at 
the signal output end. In Rg. 7 the fins 11. 12 are 
peripherally formed with steps having the average 
effect of an exponential gap. Connection 15 is 



made to fin 11 and connection 16 is made to fin 12 
which additionally incorporates a quarter-wave sec- 
tion 22 to present a high impedance at the iunction 
with connection 16. In ttie Rg. 8 embodiment the 

5 mode transformer comprises a rod 23 extending 
diametrically across tube 10 and connected to con- 
ductor 16, conductor 15 being connected directiy 
to tube 10. The mode transformers of Rgs. 6 and 7 
are pretended to tiiat of Rg. 8 because the fin 

10 contouring provides a smooth transition for the 
electi'omagnetic fields between the waveguide tube 
10 and the coaxial transmission line and addition- 
ally causes the aerial to operate over a relatively 
wide bandwidth. 

75 For the purpose of eliminating unwanted exter- 
nal surface currents on tiie tube 10 tiie aerial 2 
additionally incorporates a quarter-wave choke 17 
at its signal-receiving end. In the Rg. 6 embodi- 
ment tills choke 17 is in the form of a single 

20 coaxial sleeve 18 extemaily secured to the pertain- 
ing end of tube 10 and forming a coaxial annular 
air gap. In the Rg. 8 embodiment the choke 17 is 
in the form of first and second coaxial sleeves 18, 
19 each fonning a coaxial annular air gap. the axial 

25 length of tiie gap between sleeves 18 and 19 being 
less tiian tiiat of tiie gap between sleeve 18 and 
tube 10. 

For the purpose of maintaining aerial 2 at ap- 
proximately body temperature thereby to eliminate 

30 tiie unwanted effect of heat flow from tiie body to 
tiie aerial which would introduce measurement er- 
ror, the aerial 2 additionally comprises a heater 20 
which may be either in the form of a heating coil or 
a heating blanket disposed exterioriy of tube 10 

35 and preferably thermostatically controlled for exam- 
pie by sensor 21 connected in a feedback loop 
with the drive to heater 20. Heater 20 and sensor 
21 are shown in each of Rgs. 6,7 and 8. 

The aerials 2 which have been described are 

40 Intended to provide mode transformation over as 
short a distance as possible whilst providing the 
necessary bandwidth and at tiie same time 
minimising axial aerial lengtii so that tiie volume of 
dielectric material is minimised, the latter being 

45 important because the dielectric material is the 
main source of signal loss in the aerial. One size of 
aerial 2 which has been found to be suitable com- 
prises tube 10 being between 5 and 10 cm in 
length and 2.5 cm in diameter with fins 11, 12 each 

50 made of brass or copper 6 mm thick, the dielectric 
material being EccoRo Hi-K 12 which has a relative 
dielectric constant in the range 10-50 approximate- 
ly. 

In a still further embodiment, illustrated in Fig. 
55 10. the aerial 2 comprises circular-section copper 
tube 10 at tiie signal-receiving end which Is 
mandrel-shaped Into a rectangular section 
waveguide at tiie signal-output end. the transition 
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between circular and rectangular sections being of 
tlie order of two wavelengths or greater in (engtli 
and thereby providing mode transformat'on to the 
coaxial line connector connected into the rectangu- 
lar section which itself only propagates the T&i s 
mode. The^ propagation requirements for both 
cross-sectional shapes are- simultaneously met pro- 
vided that X> 0.853 D and Y < 0.718 D where D is 
the diameter of the circular section. X and Y being 
the rectangular section dimensions. As previously ro 
the tube 10 is dielectric filled 

The advantages of the described embodiments 
of the present invention over known thermographic 
apparatus may be summarized as. firstly, a solid- 
state switch of a form having an acceptable signal 75 
loss is used giving the advantages of high switch- 
ing frequency, with consequently improved receiver 
perfonnance. and long operating life; secondly a 
single reference load of measured and controlled 
temperature is used simultaneously to meet the 20 
requirements for independence of temperature 
measurements from amplifier gain variation and the 
minimization of aerial impedance mis-match In- 
duced measurement error; and thirdly a constant, 
matched impedance Is presented to the input of 25 
the receiver at all times and impedance mis-match 
gain modulation at the switching frequency is pre- 
vented. 



Claims 

1. Apparatus for use in microwave thermog- 
raphy, said apparatus comprising a signal-receiving 
aerial (2) sensitive to microwave radiation emanat- 35 
ing from a portion of a living-tissue body having a 
mean tissue impedance, said aerial (2) comprising 
a tubular metallic waveguide (10) having a radiation 
receiving end of circular cross-section dimensioned 
to receive radiation modes up to and including 40 
TEn. said tubular metallic waveguide (20) having a 
signal output end incorporating a coaxial cable 
connection (15, 16), a broad-band-waveguide to 
coaxiat-line mode transformer (11,12) connected 
between the receiving end and the output end of 45 
said tubular metallic waveguide (10) and arranged 
to deliver only radiation of the TEn mode to the 
coaxial cable connection (15,16), and the interior of 
the tubular metallic waveguide (10) being filled with 
low-loss dielectric material (13) providing the aerial so 
with a planar radiation-recelving-end face (14) and 
a receiving-end impedance close to the mean tis- 
sue impedance of said body. 
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